Antisense oligonucleotides that are dependent on RNase H for cleavage and subsequent degradation of complementary RNA are being developed as therapeutics. Besides the intended RNA target, such oligonucleotides may also cause degradation of unintended RNA off-targets by binding to partially complementary target sites. Here, we characterized the global effects on the mouse liver transcriptome of four oligonucleotides designed as gapmers, two targeting Apob and two targeting Pcsk9, all in different regions on their respective intended targets. This study design allowed separation of intendedand off-target effects on the transcriptome for each gapmer. Next, we used sequence analysis to identify possible partially complementary binding sites among the potential off-targets, and validated these by measurements of melting temperature and RNase H-cleavage rates. Generally, our observations were as expected in that fewer mismatches or bulges in the gapmer/transcript duplexes resulted in a higher chance of those duplexes being effective substrates for RNase H. Follow-up experiments in mice and cells show, that off-target effects can be mitigated by ensuring that gapmers have minimal sequence complementarity to any RNA besides the intended target, and that they do not have exaggerated binding affinity to the intended target.
INTRODUCTION
RNase H is an endonuclease that specifically recognizes DNA/RNA heteroduplexes and cleaves the RNA strand (1) . The two fragments of the cleaved RNA are not protected by a 5 -cap or poly-A tail at the cleaved ends, and are therefore rapidly degraded by endogenous exonucleases (2) . Single-stranded DNA oligonucleotides can be designed to elicit RNase H-mediated cleavage and subsequent degradation of complementary RNA in cells (3) . Such oligonucleotides usually have a gapmer design with chemically modified flanks conferring improved stability and binding, and a central DNA gap-region that supports RNase H binding. A gapmer targeting apolipoprotein B (APOB) was recently approved for the treatment of homozygous familial hypercholesterolemia (4) , and many others are in clinical development (5) .
It is well-known that gapmers may also cause degradation of unintended off-targets by binding to partially complementary target sites. Using Xenopus oocytes as a model system for investigating sequence-specificity of gapmers in vivo, it was demonstrated more than 20 years ago that gapmers can cause degradation of transcripts harboring only partially complementary target sites (6) . More recently, this observation has also been confirmed for chemically modified gapmers (7) . In fact, for gapmers with high-affinity modifications, such as locked nucleic acids (LNA) (8) or constrained ethyl (cEt) nucleosides (9) , particular care must be taken to manage off-target effects (10, 11) . Generally, unintended targeting depends on whether the binding affinity between gapmer and RNA is sufficient to allow the formation of appreciable amounts of duplex, and whether RNase H tolerates the structural changes induced by duplex mismatches and bulges. Therefore, in general, as the number of mismatches and bulges in a partially complementary RNA target site increase, the probability of RNase H binding and cleavage decreases, as has been also shown in cells using library sequencing (12) .
In a therapeutic context, unintended targeting may lead to unwanted or adverse effects. Indeed, recent experiments in mice suggest a direct relationship between the effective reduction in the number of unintended RNA targets in the liver following administration of high-affinity gapmers and the hepatotoxic potential of these oligonucleotides, as measured on the basis of clinical chemistry markers in the blood (13) (14) (15) (16) . The hepatotoxic potential of LNA-gapmers can be evaluated in primary hepatocytes by measurement of LDH and adenosine triphosphate levels, which allow some control of this type of toxicity prior to further investigations in animals (17) . More recently, a cellular assay specifically focused on assessing the hybridization-dependent toxic potential of LNA-gapmers has been suggested. In this approach, a high concentration of gapmer is transfected into cells to drive binding and cleavage of all potential off-targets via mass-action kinetics (18) . Potential adverse effects related to unintended targeting can therefore be managed both in cells and animals. Nevertheless, there is still a need for an improved understanding of how to design gapmers that avoid off-target effects, thereby reducing attrition in pre-clinical toxicity studies and consequently increasing the overall chance of developing gapmers with good drug-like properties.
In this study, we set out first to characterize the extent to which four different LNA-gapmers bind to and degrade unintended RNA targets in the livers of mice after intravenous injection. We evaluated the global effects on the liver transcriptomes by microarray analysis. To separate the effects of intended and unintended targeting, we designed two gapmers targeting the proprotein convertase subtilisin/kexin type 9 (Pcsk9) transcript in distinct, non-overlapping, regions and two targeting apolipoprotein B (Apob), also in non-overlapping regions. In this way, the downstream effects of reducing the intended target transcript levels will be the same for each pair of gapmers, while any effects of unintended targeting will be different because of their completely different sequences. In addition, it has been reported that Pcsk9 is involved in regulating Apob metabolism (19) , and one of the downstream effects of reducing Apob mRNA levels is that Pcsk9 mRNA levels are also reduced, but not vice versa. This experimental design consequently allows separation of intended and off-target effects, and identification of sets of transcripts that are significantly and specifically reduced following treatment with each gapmer. Follow-up sequence analysis of each set of downregulated transcripts revealed, as expected, that target regions with no, or only one or two mismatches or bulges, were identified more often than expected by chance. Experimental evaluation of the binding affinity and RNase H-cleavage activity of the potential target regions identified in this manner confirmed that transcripts that are significantly and specifically reduced by gapmer treatment, and which harbor one-or two mismatches or bulges (but not more), can be substrates for RNase H.
These results suggest that off-target effects can be mitigated by ensuring that gapmers have no-or only a few offtargets, with less than three mismatches or bulges, and do not have exaggerated binding affinity beyond what is needed for optimal potency with respect to the intended target. This was directly demonstrated in two follow-up experiments. First, we evaluated the off-target effects in mice of five different gapmers targeting the same intended region and being of equal length, but having different binding affinities to the intended target. Second, we evaluated the off-target effects of four different gapmers in cells, targeting the same intended region and having similar binding affinities and potencies, but being of different lengths and therefore, having different numbers of mismatches and bulges to off-targets. Taken together, these results suggest a strategy for designing highly sequence-specific gapmers by optimizing length and LNA-modification patterns.
MATERIALS AND METHODS

Oligonucleotide synthesis and purification
LNA-modified gapmers were designed with fully modified phosphorothioate backbones and were synthesized on a MerMade 192X (Bioautomation, TX, USA) synthesizer following standard phosphoramidite protocols. The final 5 -dimethoxytrityl (DMT) group was left on the oligonucleotide. After synthesis, the oligonucleotides were cleaved from the solid support using aqueous ammonia and subsequently deprotected at 65
• C for 5 h. The oligonucleotides were purified by solid phase extraction in TOP DNA cartridges (Agilent, Glostrup, Denmark) using the lipophilic DMT group as a chromatographic retention probe for purification purposes. After eluting impurities, the DMT group was removed by treatment with dichloroacetic acid. As the last step in the purification process, the oligonucleotides were eluted from the cartridge and the eluate was evaporated to dryness. The oligonucleotides were dissolved in phosphate-buffered saline (PBS) and the oligonucleotide concentration in solution determined using Beer-Lambert's law by calculating the extinction coefficient and measuring UV-absorbance. Oligonucleotide identity and purity were determined by reversed-phase Ultra Performance Liquid Chromatography coupled to Mass Spectrometry (UPLC-MS).
Binding affinity of gapmers
Equal amounts of gapmer and RNA were dissolved in buffer (10 mM phosphate buffer, 100 mM NaCl, 0.1 nM ethylenediaminetetraacetic acid (EDTA), pH 7.0) to final concentrations of 1.5 mM for each. Samples were denatured at 95
• C for 3 min and then allowed to anneal by slowly cooling to room temperature for 30 min. Thermal melting curves were recorded at 260 nm on a Lambda 40 UV/VIS Spectrophotometer equipped with a PTP6 Peltier Temperature Programmer (Perkin Elmer, Waltham, USA) using a temperature gradient that was increased by 1
• C/min from 20
• C to 95
• C and then decreased to 58 • C. First derivatives and the local maxima of both the melting and annealing were used to assess the duplex melting temperature (T m ), defined as the temperature at which half of the gapmers are duplexed with RNA.
Gapmer-mediated cleavage of RNA by human recombinant RNase H1
Gapmer (15 pmol) and 5 -FAM labeled RNA (45 pmol) was mixed with water to a total volume of 13 l. Next, 6 l annealing buffer (200 mM KCl, 2 mM EDTA, pH 7.5) was added, and the temperature raised to 90
• C for 2 min. The sample was then allowed to reach room temperature. RNase H1 enzyme (LuBioScience, Zürich, Switzerland) was added (0.125 U in 3.125 l of 750 mM KCl, 500 mM Tris-HCl, 30 mM MgCl 2 and 100 mM dithiothreitol, pH 8.3) and the sample was incubated at 37
• C for 30 min before the reaction was terminated by adding 4 l EDTA solution (0.25 M). The following buffers were used: buffer A (10 mM NaClO 4 , 1 mM EDTA, 20 mM Tris-HCl, pH 7.8) and buffer B (1 mM NaClO 4 , 1 mM EDTA, 20 mM Tris-HCl, pH 7.8). Following RNase H1 treatment, 15 l of each sample was mixed with 200 l of buffer A, and 50 l of the resulting mixture was subjected to Anion Exchange High Performance Liquid Chromatography (AIE-HPLC) on a DNAPac PA100 high-resolution column (2 × 250 mm). Using a flow rate of 0.25 ml/min, the gradient of buffer A to buffer B in the column was changed from 100%/0% at time t = 0 min, to 78%/22% at t = 22 min and then to 0%/100% at t = 25 min. This gradient was then maintained until t = 30 min. Subsequently, the flow rate was then increased to 0.5 ml/min, and the gradient of buffer A to buffer B was changed to 100%/0% at t = 31 min, and maintained until t = 35 min. The flow rate was then decreased again to 0.25 ml/min, and the gradient maintained at 100%/0% until t = 40 min. The FAM fluorophore on the RNA was excited at 494 nm, and the emitted light measured at 518 nm. Individual peaks in the resulting chromatograms corresponded to cleaved RNA fragments and remaining full-length RNA. The amount of each RNA fragment was quantified as the percentage area under the corresponding peak relative to the total area under all peaks measured. The percentage of full-length RNA cleaved represents the RNase H activity for the gapmer (referred to as % cleaved RNA).
In vivo studies
Inbred C57BL/6J female mice were obtained from Taconic (Ejby, Denmark) and fed with a standard diet ad libitum. At the start of the study, the mice weighed 20 ± 2 g (arithmetic mean ± standard deviation). The vivarium was maintained on a 12-hour light-dark cycle throughout each study. Two study schedules were used. For the short studies, mice were dosed intravenously on days 0, 1 and 2, and anesthetized (70% CO 2 /30% O 2 ) before sacrifice by cervical dislocation on day 3. For the long studies mice, were dosed intravenously on days 0, 3, 7, 10 and 14, and sacrificed on day 16. The treatment groups (n = 5) received either 0.9% saline or saline-formulated gapmer administered by intravenous injection. At the end of the study, blood was sampled for serum analysis, and livers were snap-frozen in liquid nitrogen and stored at −80
• C. All mouse protocols were approved by the Danish National Committee for Ethics in Animal Experiments.
Serum alanine-aminotransferase analysis
Serum was analyzed for alanine-aminotransferase (ALT) activity using an enzymatic assay (Horiba ABX Diagnostics) according to the manufacturer's instructions adjusted to 96-well format. Measurements were correlated to a 2-fold diluted standard curve generated from an ABX Pentra MultiCal solution (Horiba ABX Diagnostics). The mean ALT activity in the saline treated group was calculated and all ALT levels presented as fold changes relative to that mean value.
RNA analyses from mouse liver: isolation, qRT-PCR and microarray
Total RNA from liver was isolated using Trizol (Invitrogen, Denmark), purified using mini RNeasy columns (Qiagen, Denmark), contaminating DNA removed by treating with DNase I (Sigma-Aldrich, Denmark) and the integrity and purity assessed using an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, USA) and a NanoDrop RNA 6000 spectrophotometer (Thermo Fisher Scientific, Denmark). Quantification of mRNA by real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR) was performed using TaqMan assays (Applied Biosystems, Foster City, USA) (Supplementary Table S1 ). The reverse transcription reaction was carried out with random decamers, 0.5 mg total RNA and the M-MLV RT enzyme (Ambion, Denmark) according to the protocol for first strand cDNA synthesis. Depending on expression levels, cDNA was subsequently diluted (5×) in nuclease-free water before addition to the RT-PCR reaction mixture. The Applied Biosystems 7500/7900/ViiA real-time PCR instrument was used for amplification. As a reference, mRNA levels were normalized to ␤-actin (Actb) and glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and presented as foldchanges relative to average levels in saline controls. Quantification of mRNA by microarray was conducted using Affymetrix GeneChip Mouse Gene 1.0 ST Arrays according to manufacturer's specifications (Affymetrix, Santa Clara, USA). Total RNA was amplified and labeled using the Whole Transcript Sense Target Labeling Assay (Affymetrix). Labeled ssDNA was hybridized to arrays in a GeneChip Hybridization Oven 640 (Affymetrix). The arrays were washed and stained in a GeneChip Fluidics Station 450 (Affymetrix), and subsequently scanned with a GeneChip Scanner 3000 (Affymetrix). The resulting images were analyzed using Affymetrix Expression Console Software (Affymetrix). Affymetrix probes were remapped to 22 361 different gene models using the Ensembl build 77 database (20) . Using these redefined probesets, probe intensities were summarized and made comparable between arrays by quantile normalization using the Robust MultiArray Average (RMA) expression measure (21) . All data were submitted to the Gene Expression Omnibus with ID: GSE100699. Only the 13 959 genes with normalized and log 2 -transformed expression levels above 6 in at least one saline-treated sample were judged to be expressed in liver and analyzed further.
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Isolation of mouse primary hepatocytes and RNA analysis by qRT-PCR
A C57BL/6J mouse (Taconic, Ejby, Denmark) was anesthetized with pentobarbital and the liver perfused at a flow rate of 7 ml per min through the vena cava using a two-step protocol: (i) pre-perfusion for 5 min with Hank's balanced salt solution containing 15 mM HEPES and 0.38 mM EGTA and (ii) perfusion for 12 min with collagenase solution (Hank's balanced salt solution containing 0.17 mg/ml Collagenase type 2 (Worthington 4176), 0.03% bovine serum albumin, 3.2 mM CaCl2 and 1.6 g/l NaHCO3). Following removal of the liver and opening of the liver capsule, the liver suspension was filtered through 70 m cell strainer using William E medium (WME) followed by filtering through 40 m cell strainer. Cells were washed with WME with 10% fetal bovine serum (WME w/FBS). The cell suspension was centrifuged for 5 min at 50 g at room temperature to pellet the hepatocytes. The cell pellet was re-suspended in 25 ml WME w/FBS, and 25 ml WME with 90% Percoll solution was added. The cell suspension was centrifuged for 10 min at 50 g at room temperature, and the resulting pellet re-suspended in 50 ml WME and again centrifuged for 3 min at 50 g. At last, the supernatant was removed and the cells re-suspended in 20 ml WME w/FCS. A volume of 100 l of freshly isolated hepatocyte cells were seeded with 25 000 cells/ml in collagen-coated 96-well plates and incubated for 3-4 h at 37
• C. After 3-4 h, the cells were washed with WME w/FBS and 95 l/well WME w/FBS were added. To this was added a 5 l dilution of oligonucleotide to reach the final concentration range for a 8-point concentration response curve starting at 50 M with halflogarithmic dilution (reduced 3.16-fold per point). Cells incubated with oligonucleotide in this manner were harvested after 3 days by removal of media followed by addition of 125 l PureLink C Pro 96 Lysis buffer (Invitrogen 12173.001A) and 125 l 70% ethanol. RNA was purified according to the manufacture's instruction and eluted in a final volume of 50 l water resulting in an RNA concentration of 10-20 ng/l. RNA was diluted 10-fold in water prior to the one-step qPCR reaction. For one-step qPCR reaction qPCR-mix (qScriptTMXLE 1-step RT-qPCR ToughMix ® Low ROX from QauntaBio, cat.no 95134-500) was mixed with two Taqman probes in a ratio 10:1:1 (qPCR mix: probe 1: probe 2) to generate the mastermix. Taqman probes were acquired from LifeTechnologies (Supplementary Table S1 ). Mastermix (6 l) and RNA (4 l, 1-2 ng/l) were mixed in a qPCR plate (MicroAmp ® optical 384 well, 4309849). After sealing, the plate was given a quick spin, 1000 g for 1 min at room temperature and transferred to a ViiaTM 7 system (Applied Biosystems, Thermo), and the following PCR conditions used: 50
• C for 15 min; 95 • C for 3 min; 40 cycles of: 95
• C for 5 s followed by a temperature decrease of 1.6 • C/s followed by 60
• C for 45 s. The data were analyzed using the QuantStudioTM Real time PCR Software.
RNA isolation from human cells and analysis by qRT-PCR
The HeLa cell line was purchased from the European Collection of Authenticated Cell Cultures (through SigmaAldrich, Denmark) and maintained as recommended by the supplier in a humidified incubator at 37
• C with 5% CO 2 .
For assays, 2500 HeLa cells/well were seeded in a 96 multiwell plate in culture media. Cells were incubated for 30 min before addition of oligonucleotides dissolved in PBS and harvested 3 days later. RNA was extracted using the PureLink Pro 96 RNA Purification kit according to the manufacturer's instructions (Ambion). From this, cDNA was synthesized using M-MLT Reverse Transcriptase, random decamers RETROscript and RNase inhibitor (Ambion) with 100 mM dNTP set PCR Grade (Invitrogen) and DNase/RNase free water (Gibco) according the manufacturers' instructions. For gene expression analysis, qPCR was performed using TaqMan Fast Advanced Master Mix (2×) (Ambion) in a doublex set-up. All primer sets were purchased from Life Technologies (Supplementary Table S1 ). The qPCR primer sets for the genes of interest were labeled with FAM-MGB dye, while the qPCR primer sets for the housekeeping PKG1 and PPIA were labeled with VIC-MGB dye.
Statistical analysis of concentration-response curves
Concentration-response curves (CRCs) of RNA levels after treatment with gapmer at eight different concentrations were analyzed by nonlinear least squares fitting of a fourparameter logistic function using the R software package drc (22) . From each fitted curve the parameter and error estimates were tabulated. For each gapmer, selectivity ratios against each off-target were calculated as the EC 50 (halfmaximal effective concentration) value for that off-target relative to the EC 50 value for the on-target. The standard deviation of the selectivity ratio was calculated by error propagation of the standard deviations of the individual EC 50 estimates. Significance of differences between EC 50 estimates are calculated from the corresponding standard errors of each EC 50 using the delta method (22) .
Statistical analysis of microarray data
For each transcript, the effects of gapmer treatment were contrasted with the effects of saline treatment by calculating log 2 -transformed expression fold-changes. The significance of this differential expression was evaluated by empirical Bayes-moderated F-statistics using the R software package LIMMA (23) . Using the step-up procedure proposed by Benjamini and Hochberg in 1995 (24) , transcripts with false discovery rates (FDRs) below 0.01 were considered significantly regulated or affected. Conversely, transcripts with FDRs > 0.1 were considered not significantly regulated or affected.
Sequence analysis
Hybridization between two complementary nucleic acid strands is mainly governed by hydrogen bonding between base pairs on opposite strands and base stacking. In addition, nucleic acid polymers are flexible and can form bulges or loops that also need to be considered when evaluating the thermodynamically optimal hybridization (25) (26) (27) . Energy parameters for the binding of LNA-modified phosphorothioate oligonucleotides to RNA have not been published, although the LNA-modification is known to induce an RNAlike conformation of the DNA (28). In accord with previous reports of LNA-gapmers (12), we therefore made a rough estimate of the standard free energy of binding, G, using parameters for RNA-RNA interactions (27) . In addition, we calculated a simple binding score between oligonucleotide and RNA using the Needleman-Wunsch algorithm (29) . The oligonucleotide sequences are listed in Table 1 , and the pre-mRNA and mRNA sequences were retrieved from the Ensembl build 77 database (20) . The NeedlemanWunsch alignment was performed without end gap and gap opening penalties, with a gap extension penalty of −1 and with substitution scores of 1 for each Watson-Crick base pair and zero otherwise. The maximal score using this scheme is equal to the length of the oligonucleotide.
RESULTS
Reproducible reduction of target mRNA in mouse liver after gapmer treatment
We designed and synthesized two different pairs of LNA phosphorothioate antisense oligonucleotides (gapmers). One pair, P1 and P2, targeted mouse Pcsk9 in nonoverlapping but fairly close target regions, while the other pair, A1 and A2, targeted mouse Apob in widely distant target regions ( Figure 1 and Table 1 ). Gapmers P2 (30), A1 (31) and A2 (32) have previously been investigated. To reduce the potential for mismatched binding of either P1 or P2 to Apob or for A1 or A2 to Pcsk9, the target regions of P1 and P2 in Pcsk9 were chosen so that there were at least three mismatches or bulges to any target region in Apob. Similarly A1 and A2 were designed with at least three mismatches or bulges to any target region in Pcsk9. C57BL/6J mice (n = 5 per group) were administered each of the four different gapmers by three intravenous injections on consecutive days. Knockdown of Pcsk9 and Apob mRNA in the liver at day 4 was measured by qRT-PCR ( Figure 2 ). As seen in Figure 2A , the gapmers P1 and P2 significantly reduced Pcsk9 target mRNA levels to ∼50% and . Data represent the average ± one standard deviation relative to saline-treated controls (Ctrl) with n = 5 per treatment group. Significance of differences in average transcript levels between groups evaluated by Student's t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ns: not significant.
∼30%, respectively, compared to those in saline controltreated mice. In Figure 2B , the gapmers A1 and A2 significantly reduced Apob target mRNA levels to <5% and ∼10%, respectively. To match activity on the intended target, based on the potency measured in primary mouse hepatocyes (data not shown), P1 and P2 were both dosed at 10 mg/kg, whereas A1 and A2 were dosed at 10 and 5 mg/kg, respectively. The Pcsk9 targeting gapmers, P1 and P2, did not affect Apob mRNA levels ( Figure 2B ), while conversely, the Apob targeting gapmers, A1 and A2, both reduced Pcsk9 mRNA levels to ∼60% (Figure 2A ). This observation suggested that the reduction of Pcsk9 mRNA levels is a downstream effect of Apob mRNA knockdown, which is consistent with a previous study assessing the impact of human PCSK9 overexpression in mice (19) . These results were reproduced in an independent mouse experiment (Supplementary Figure S1) . In summary, the gapmers P1, P2, A1 and A2 mediated significant knockdown of their intended targets in liver as expected.
Identification of effects from intended-and unintended targets in mice liver
To further characterize the effects of the four gapmers, P1, P2, A1 and A2, on the transcriptomes in mouse liver, we performed a microarray analysis of the RNA from the study presented in Figure 2 . For each of the four gapmers, we found that levels of hundreds of transcripts were significantly lower or higher after treatment compared to those in the saline-treated control, when controlling for the FDR at 0.01 ( Figure 3A and B).
At the significance cutoff-levels chosen, as for the qRT-PCR analysis (Figure 2) , Apob mRNA was identified in the microarray analysis as significantly reduced by both A1 and A2, but not by P1 and P2. Furthermore, Pcsk9 mRNA was reduced by all four gapmers, although the P1 and P2 gapmers had the greatest effect (Supplementary Tables S2-5) . Besides Pcsk9, the microarray analysis revealed 39 transcripts that were significantly reduced by both P1 and P2 ( Figure 3C ), which is a larger overlap than expected by chance (P < 10 −16 by Fisher's Exact test). Presumably, these transcripts are involved in downstream processes that are affected by reductions in Pcsk9 RNA levels. Moreover, 58 transcripts were identified that were significantly reduced by treatment with P1, but were not significantly affected (FDR > 0.1) by P2. In addition, 150 transcripts were significantly reduced by P2, but not by P1 ( Figure 3C ). This analysis was repeated for the Apob targeting gapmers, A1 and A2, to identify groups of transcripts that were significantly reduced by treatment with both gapmers (104 genes), or with only one of the gapmers (128 for A1 and 222 for A2) ( Figure  3D ). Furthermore, among the 104 transcripts significantly reduced by both A1 and A2, which again was a higher number than expected by chance (P < 10 −16 by Fisher's Exact test), 11 were found to also be significantly reduced by P1 and P2. This set of transcripts could be involved in Pcsk9-mediated downstream effects of Apob mRNA knockdown (Supplementary Table S6 ). Alternatively, the 11 transcripts could be reduced simply due to a general effect of treatment with any oligonucleotide. Re-analysis of previously published liver transcriptome data after treatment with a LNAmodified oligonucleotide (33) did not reveal such a general reduction relative to saline-treated controls for this set of genes (Supplementary Table S6 ), however these oligonucleotides were designed to sequester microRNAs, not activate RNase H. Further transcriptome studies with proper negative control oligonucleotides will be needed to confirm if these transcripts are indeed involved in Pcsk9-mediated downstream effects of Apob mRNA knockdown. With respect to identification of off-targets of A1, A2, P1 and P2, which is the focus in this study, the effects of gapmer A2-treatment on the transcriptome were largely reproduced in an independent mouse study, confirming the reproducibility of the microarray analysis and the identification of affected transcripts (Supplementary Figure S2) .
Sequence analysis identifies partially complementary offtarget sites
For each gapmer, we hypothesized that there was an enrichment of direct, RNase H-mediated, off-targets among the groups of transcripts identified in the microarray analysis as being reduced exclusively by that gapmer (Figure 3C and D). Such off-targets have, by definition, one or more target sites where the gapmer can bind and elicit cleavage via the RNase H-mechanism. We therefore analyzed all 13 959 RNA sequences identified as being expressed in mouse liver in the microarray analysis for potential binding sites. For each gapmer and RNA sequence, we identified the region in the RNA sequence with the computationally calculated lowest possible free energy of binding ( G) to the gapmer. For comparison of these calculated binding affinities for all possible unintended RNA targets ( G off ) with the calculated binding affinity to the intended RNA target ( G on ), we calculated G values as the difference between G off and G on . That is, more positive G values indicate weaker binding between the gapmer and unintended RNA, relative to the strength of the binding between the gapmer and the intended target RNA. In Figure 4A -D, for each of the four groups of transcripts identified as exclusively affected by each gapmer, P1, P2, A1 and A2, the corresponding G values (colored boxes/lines) were compared to the G values for the rest of the transcripts included in the microarray analysis (gray boxes/lines), as boxplots and cumulative fractions. For the transcripts in each of the four groups, those harboring strong binding regions to that gapmer in their RNA sequence (roughly G-values < 5 kcal/mol) were significantly over-represented compared to all other transcripts (Figure 4A-D) .
As an alternative approach to the identification of potential gapmer binding sites, which does not rely on estimating G, we also counted the number of Watson-Crick base pairs between the gapmer and the RNA sequence in the region that allows optimal alignment. According to this method, a gapmer binding to a fully matched RNA target will have a binding score equal to the length of the gapmer, while a gapmer binding with one mismatch will have a binding score equal to its length minus 1, and so forth. As shown in Figure 5A -D, the results obtained using this method were consistent with those obtained when quantifying binding sites by estimating G (Figure 4A-D) , for each gapmer, P1, P2, A1 and A2. RNA sequences with high binding scores (≤2 mismatches or bulges) were significantly overrepresented among the groups of transcripts exclusively affected by each gapmer, compared to all other transcripts. These results provide evidence for the over-representation of binding sites with characteristics as expected for direct, RNase H-mediated, off-targets among the transcripts significantly reduced by each of the gapmers, as identified either by thermodynamic evaluation of the change in free energy of binding ( Figure 4A-D) , or by the binding score of the number of Watson-Crick base pairs ( Figure 5A-D) .
Properties of potential off-targets as substrates for RNase H
To evaluate the capacity of potential off-target binding sites identified by sequence analysis as substrates for RNase H when duplexed with a gapmer, we selected 23 of the 222 transcripts reduced exclusively by A2 ( Figure 3D ). The criteria for the selection were: (i) transcript levels reduced by at least 2-fold following treatment with A2, and (ii) a binding score of at least 9; that is, no more than four mismatches or bulges. Of these 23 potential off-target binding sites, four were identical. Therefore, only 20 unique RNA oligonucleotides were synthesized (Supplementary Table  S7 ). For each of the synthesized RNAs, we measured T m s and RNase H-cleavage activity toward A2 (Supplementary Table S7 ). The results are summarized in Figure 6A .
We identified three groups of RNA sequences. A group of 11 RNAs, represented by green dots in Figure 6A , had reasonably similar binding affinities to the fully matched Apob binding site for A2, represented by the black dot (T m > 50
• C), as well as RNase H-cleavage activity similar to or better than the that associated with the Apob binding site (more than 40% cleaved). Therefore, these data indicate that the 11 transcripts harboring these RNA target sites are A2 off-targets. A group of five RNA sequences, represented by orange dots in Figure 6A , had low binding affinity to A2 (T m < 50
• C) and only modest or no RNase H-cleavage activity when duplexed to A2 (<30% cleaved RNA). Based on these data, it is therefore not likely that these sites are functional. Alternatively, the reduced expression of these transcripts could be explained as secondary effects of engaging one or more of the off-targets of A2 identified in the green group ( Figure 6A ). For the group of four RNA sequences represented by blue dots, it was not possible to judge whether they are off-targets or not. On the one hand, the binding affinity was very low (T m < 45
• C), making it less likely that enough duplex can form in vivo to catalyze substantial degradation. On the other hand, the RNase Hcleavage activity is similar to, or better than, that for the Apob site (black dot), indicating that the cleavage reaction can be effective if enough duplex is formed in vivo. Stratification of the sequence analysis results for the set of 23 transcripts (Supplementary Table S7 ) into the three groups discussed above, revealed that the 11 transcripts with characteristic most similar to Apob binding site (green dots in Figure 6A) , had significantly lower G values ( Figure 6B ) and significantly higher binding scores ( Figure 6C ) than the rest in the selected set. We repeated the cleavage experiments with twice the concentration of RNase H enzyme and observed the same ranking of gapmers (data not shown).
Reducing off-target effects by lowering the binding affinity toward on-and off-targets
The binding affinity between gapmers and fully matched as well as mismatched target sites can be modulated by changing the number of LNA modifications in the gapmers. To investigate how modulating the binding affinity in this manner can affect knockdown activity of transcripts harboring fully matched or mismatched target sites, we designed five gapmers, T1-T5, targeting the same 18 nt site in the mouse tumor necrosis factor receptor type 1-associated DEATH domain protein (Tradd) transcript ( Figure 7A ). The gapmers were modified with three to six LNAs, with T1 having the lowest T m value at 66.8
• C and T5 having the highest at 76.3
• C (Table 1 and Figure 7A ). Gapmers designed as T2 and T5 have been evaluated previously in mice (34) . Using sequence analysis, we identified 34 mouse transcripts with no more than two mismatches or bulges (binding score ≥ 16) to T1-T5. Of these, 11 were judged to be expressed in mouse liver based on the microarray data generated for the studies presented in Figures 2 and 3 . Of these 11 transcripts, the two with the lowest G values to their predicted binding sites, protein tyrosine phosphatase, receptor type D (Ptprd) and adiponectin receptor 1 (Adipor1), were selected as the most likely potential off-targets. We administered each of the five different gapmers by five intravenous injections of 15 mg/kg in C57BL/6J mice (n = 5 per group) over a 14-day period. The knockdown of Tradd, Ptprd and Adipor1 mRNA was measured in the liver at day 16 by qRT-PCR ( Figure 7B ).
For Tradd, all five gapmers significantly reduced mRNA levels to between 10 and 15%, with no significant statistical differences between the degrees of knockdown. In contrast, the greatest knockdown of Ptprd was observed with T3, which significantly reduced transcript levels to ∼40%. For Adipor1, only T3 significantly reduced transcript levels to ∼70% compared to the effects of the saline control.
For this dosing schedule in mice, the gapmer T1 significantly reduced Tradd mRNA levels without significantly affecting Ptprd or Adipor1. Increasing the binding affinity further with T2 to T5 did not significantly improve Tradd knockdown, whereas T2, T3 and T5 did mediate significant knockdown of Ptprd, as did T3 for Adipor1. Therefore, T1 was identified as the most sequence-specific gapmer in the set of T1-T5, achieving the best balance between knockdown of intended-and unintended targets.
The dosing schedule used in the mouse study is a standard schedule used for evaluating the hepatotoxic potential of LNA-modified gapmers (35) . Measurements of ALT, a biomarker of hepatocellular injury, in serum at day 16 revealed that T2, T3 and T5 had significantly higher hepatotoxic potential compared to T1 ( Figure 7C ). In particular T1  T2  T3  T4  T5  Ctrl  T1  T2  T3  T4  T5  Ctrl  T1  T2  T3  T4  T5 *** *** * T3, which was found to be the least sequence-specific when comparing Tradd to Ptprd and Adipor1 ( Figure 7B ), had the highest hepatotoxic potential in the set of T1-T5, with ALT levels 60-fold above saline treated control. To further evaluate efficacy and potency of the gapmers T1-T5, knockdown of Tradd was also evaluated by qRT-PCR in mouse primary hepatocytes (n = 4) at eight different concentrations between 0.016 and 50 M. From the resulting CRCs, see Figure 7D , both maximal efficacy as well as EC 50 values were estimated (Supplementary Table S9 , horizontal and vertical dashed lines in Figure 7D ). The maximal efficacies for T1-T5 were all around 15% mRNA relative to PBS control and not significantly different from each other. This efficacy is comparable to the knockdown observed in the mice studies, and suggests that the total administered dose of 75 mg/kg of each gapmer in mice resulted in very high intracellular concentrations of gapmers in liver, and in the maximally achievable knockdowns of the intended target (compare Figure 7B and D) . The EC 50 values for gapmers T1-T5 were between 1 and 3 M, and also not significantly different from each other. For comparison, the two off-targets Ptprd and Adipor1 were also evaluated in mouse primary hepatocytes, but unfortunately even at the highest concentration of 50 M, none of the gapmers T1-T5 reduced RNA levels significantly (data not shown). The fact that Ptprd and Adipor1 were reduced by some of the gapmers in the studies in mice supports the observation made above that the dosing schedule used in the mice studies resulted in very high intracellular concentrations of gapmers in the livers of mice.
Taken together, at very high dose levels in mice, the gapmer T1 was identified as the most sequence-specific gapmer in the set of T1-T5 ( Figure 7B) , and as the gapmer with the lowest hepatotoxic potential ( Figure 7C ). In primary hepatocytes, the gapmers T1-T5 were identified as having fairly similar efficacy and potency on the intended target Tradd, and with too weak potency on the off-targets Ptprd and Adipor1, to have measureable knockdown within the concentration range used.
Reducing off-target effects by lowering the binding affinity toward off-targets only
By increasing the length of a gapmer, the extended part may cover regions that are not fully matched to the unintended targets. The more mismatches or bulges between a gapmer and a RNA binding region, the lower the binding affinity relative to a fully matched RNA binding region, and presumably, the weaker the potency (11) . To investigate the mechanism by which introduction of such differences in binding affinity between intended and unintended targets can affect off-target effects, we designed and synthesized four different gapmers, U1-U4. These gapmers targeted the same core region in the human ubiquitin protein ligase E3C (UBE3C) transcript, but ranged from 14-20 nucleotides in length (Table 1 and Figure 8A ). The T m values for each gapmer binding to the target region in UBE3C were in the range 72-73
• C, except for U4, which was slightly lower at 68.4
• C. We measured UBE3C knockdown by qRT-PCR at eight different concentrations in two different batches of HeLa cells, and estimated the concentration required to achieve halfmaximal knockdown, EC 50 , from the resulting CRCs (Supplementary Table S8 and Figure S3) .
Based on sequence analysis, we identified 55 human transcripts with one mismatch or bulge (binding score 15) to the 16 nt gapmer, U2. Of these, we selected four that could be reliably measured by qRT-PCR in HeLa cells. Using the same approach as that used for UBE3C, we measured knockdown of each of the four potential unintended target transcripts and estimated EC 50 values from the resulting CRCs (Supplementary Table S8 and Figure S3 ). We aligned the expected target regions in each transcript to the target region in UBE3C ( Figure 8A ). As shown in Figure 8A , for nudix hydrolase 19 (NUDT19), two potential target regions were identified, denoted A and B, respectively. A region identical to the NUDT19 (A) region was identified in rho guanine nucleotide exchange factor 7 (ARHGEF7) ( Figure 8A ).
Next, we synthesized the five RNA sequences (listed in Figure 8A ), and measured the T m to each of the gapmers, U1-U4 ( Figure 8B ). Comparison of Figure 8A and B showed that longer gapmers contained more mismatches (indicated in red), and had lower T m toward the unintended target sites relative to the values for the intended target site in UBE3C.
At last, for each gapmer U1-U4, we calculated the selectivity ratio between the intended target on UBE3C and each of the four unintended targets as the ratio of estimated EC 50 values ( Figure 8C ). Longer gapmers were associated with a larger selectivity ratio toward the unintended targets. This relationship corresponds to weaker potency of activity on unintended targets relative to that on the intended target, UBE3C.
DISCUSSION
It is a goal of drug discovery to ensure that the chemical compounds developed interact specifically with their intended biomolecular targets (36) . For oligonucleotide therapeutics, improvements in potency arising from highaffinity chemical modifications and improved modes of cellular delivery are recognized in the field as factors that can potentially increase the risk of off-target-dependent toxicities (11, 37) . Although this type of adverse event has not been observed in clinical trials involving oligonucleotide therapeutics to date, recent studies in mice suggest that the number of off-targets that are effectively reduced in the liver after systemic administration of gapmers can be correlated with the hepatotoxic potential of the oligonucleotides, as measured using biochemical markers in the blood (13) (14) (15) (16) . This underlines the importance of understanding how to identify and avoid off-targets of gapmers.
To be able to conclude that phenotypic changes observed after administration of a gapmer are causally related to cleavage and degradation of the target RNA, it is necessary to test at least two gapmers complementary to the same RNA target, but with different nucleobase sequences. If treatment with both gapmers results in the same phenotype, whereas treatment with a control gapmer that is not complementary to the RNA target does not, it strongly suggests that the phenotype is mediated by target degradation (38) .
In this study, we applied the same reasoning to the identification of off-target effects, and show for two different RNA targets, Apob and Pcsk9 in mice (Figures 1 and 2) , that changes in the transcriptome resulting from engaging the intended target can be separated from those related to engaging unintended off-targets (Figure 3 ).
Both pairs of gapmers reduced the intended target to slightly different extents (Figure 2) , and the separation of intended and unintended effects can therefore not be expected to be complete. Also, some transcripts might be reduced as downstream effects of a reduction in actual offtargets. As a result, not all transcripts in the sets of potential off-targets identified by the transcriptome analysis ( Figure  3C and D) are expected to be off-targets themselves. Nevertheless, analysis of the binding site characteristics of the sets of potential off-targets revealed that binding sites with no-or only few mismatches or bulges to the gapmer, and consequently having a binding affinity close to that of the intended RNA target, were enriched in these sets (Figures 4  and 5) .
For the transcripts that are not reduced by treatment and therefore not likely to be direct, RNase H-mediated, off-targets (gray lines and gray bars in Figures 4 and 5) , some of them harbor sequence regions with no-or only few mismatches or bulges to the gapmer. This suggests that sequence regions with characteristics that allow gapmer binding are a necessary factor, but not the only factor, that influences gapmer activity. For example, kinetic modeling predicts that transcripts with high turnover rates are less likely to be reduced effectively with gapmers (39) , and experiments in cells and in cell-free environments show that offtarget regions are more likely to be found in unstructured and accessible parts of the RNA (40) . This underscores the importance of combining sequence-analysis with transcriptomics to allow exclusion of false positives harboring binding sites that in principle allow gapmer binding, but where other factors negate possible gapmer activity, and as a consequence no appreciable reduction of RNA is seen.
Two hallmarks of binding sites in off-targets are: (i) sufficient binding affinity to the gapmer to form stable duplexes, and, (ii) sufficient RNase H-cleavage of the RNA in these duplexes to reduce overall RNA levels effectively. For a selected set of 23 potential off-target transcripts clearly reduced by treatment with gapmer A2, we therefore measured T m s and RNase H-cleavage activities for the most likely binding regions in each. We found that around half of these transcripts had T m s and cleavage activities similar to those measured for the duplex between the gapmer and intended target RNA (green dots in Figure 6 ). Sequence analysis revealed that this half had the fewest mismatches or bulges to their putative off-targets. Using the transcriptomics protocol presented here, combined with follow-up experimental validation of duplex stability and cleavage, off-target candi- dates can be identified with high probability. If needed, offtarget potential could be further supported by characterizing cleavage products, using for example, 5 -RACE (41), and confirming that cleavage occurred at the predicted gapmer binding site. Interestingly, some of the off-targets of the gapmer A2 identified in this manner were found to be better substrates for RNase H than the intended target sequence in Apob, and were also reduced more effectively than the intended target (see Supplementary Table S7 ). This suggests that RNase H substrate preferences can in some cases contribute even more to the activity on off-targets than on the intended target. For other factors, such as RNA accessibility, a similar situation may exist. In some cases a structured region may negate potential binding and reduction, as discussed above, but in other cases, if the potential off-target region is even more unstructured and accessible than the region in the intended target, the off-target might be even more effectively reduced than the intended target because of this.
Given the ability to screen for likely off-targets then raises the question of how to best use this to avoid them. A simple trial and error strategy could be followed, where many gapmers are evaluated until one is found that is both sufficiently potent and specific. Instead of just discarding potent but unspecific gapmers, however, we suggest two approaches for optimizing the designs of such gapmers to generate versions that are more specific for the intended target. First, the overall binding affinity to the RNA could be reduced, for example, by decreasing the number of LNA modifications in the gapmer. We demonstrated this approach for five gapmers targeted to the same region in the Tradd transcript, and evaluated Tradd knockdown in mouse liver and primary mouse hepatocytes relative to the knockdown of two offtargets ( Figure 7) . The gapmer T1 with the lowest binding affinity of the five gapmers evaluated was identified as most sequence-specific and also the one with the lowest hepatotoxic potential. Second, the difference in binding affinities between intended and unintended RNA could be increased. This can be achieved by increasing the length of the gapmer in the cases where the off-target regions then become mismatched to the gapmer. For this approach to succeed, the binding affinity to the intended target region must remain as constant as possible, for example by reducing the number of LNA modifications as the length of the gapmer increases. We demonstrated this concept for four gapmers of different lengths targeted to the same core region in the UBE3C transcript, and evaluated UBE3C knockdown in human HeLa cells relative to the knockdown of four off-targets ( Figure  8 ).
Recent studies relating gapmer binding affinity to potency (11, 39, 42) can be used to model and illustrate why sequence-specificity can be increased by the two approaches suggested here (Figure 9 ). The potency of a gapmer is related to the strength of the binding affinity between gapmer and RNA target (11) . For gapmers with very low binding affinity, the propensity to duplex with RNA is low, and high concentrations of gapmer are needed to form enough duplex for effective RNase H-cleavage; therefore, the potency of these gapmers will be low. For gapmers with very high binding affinity, the gapmers will still bind strongly to the RNA also after cleavage, which stalls the catalytic cycle (39, 42) ; this also weakens the potency of the gapmer. Consequently, there exists a region of optimal binding affinity, where the potency is highest (39) . This parabolic, or Ushaped, relationship between binding affinity and potency exists for both intended and unintended targets (black and gray points in Figure 9 , respectively). In this model, the first approach to reducing off-target effects can be seen as shifting both points to the right ( Figure 9A ), so that the intended target moves from having a higher-than-needed . Affinity-potency relations suggesting how sequence-specificity can be optimized. Either (A) decrease binding affinity by reducing the number of high-affinity modifications, or (B) increase gapmer length and thereby, the number of mismatches to off-targets. For both suggestions, the extent of the optimization must be balanced against maintaining activity on the intended target.
binding affinity, to having the optimal binding affinity for potency. In contrast, the reduced binding affinity to the offtarget results in weaker potency, as also demonstrated experimentally ( Figure 7 ). In the second approach, only the gray off-target point is shifted to the right ( Figure 9B ), reducing binding affinity to off-targets only. We demonstrated that this can be achieved by increasing the length of the gapmer and thereby, introducing mismatched base pairing to the off-targets (Figure 8 ). To maintain the same binding affinity to the intended target, the increased length of the gapmer is usually balanced by decreasing the number of LNA modifications. In our experience there is a limit to how long a gapmer can be without having weaker potency on the intended target compared to a shorter gapmer with similar affinity binding in the same target region. Such an effect can for example be explained by the gapmer being longer than the accessible region on the target, or by an increased propensity of the long gapmer to form selfstructures. As a consequence, the gapmer length achieving optimal sequence-specificity varies between different target regions. A good starting point in most cases is probably a 17-18 nt long gapmer with a predicted T m between 50
• C and 55
• C. We would rarely expect that gapmers more than 20 nt in length would be active enough to be taken into consideration. A major strength of the antisense oligonucleotide technology is that it enables using sequence information and transcriptomics to predict potential hybridization-based off-target effects (11, 37) . The results presented here demonstrate how this can be achieved in practice, and suggest two approaches for optimizing potent gapmers for improved sequence-specificity. For RNA therapeutics, such optimization is an essential aspect of turning interesting leads into actual drugs, by allowing high potency to be combined with low toxicity for high-affinity RNase H-dependent antisense oligonucleotide drugs.
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